The development of electronic paper has been a desire since a long time and electrophoretic displays are a promising candidate for this application. Apart from developing the electrophoretic display medium there are important issues to solve regarding the overall system. The importance of the electronic addressing method increases with the demand for arbitrary images or text. We have developed and tested active-matrix backplanes based on amorphous silicon technology, as well as the driver electronics. The electrophoretic ink is combined with the backplane employing polymer MEMS cell structures. This system allows us to display highresolution images and it is a good test bed for investigating various parameters of the electrophoretic display medium and of the electronics.
INTRODUCTION
Electrophoretic displays are promising for electronic paper because of several factors, including their good visual appearance under various lighting conditions, their low power consumption due to the intrinsic bistability and their suitability for flexible displays [1] [2] [3] [4] [5] [6] . The concept of electrophoretic displays is based on electrophoretic ink, which, for example, consists of charged white pigments in a dark dyed suspending liquid. Upon application of an electric field the particles move either to the display surface or away from it, depending on the polarity of the charge and the direction of the electric field. Consequently, a bright state or a dark state is achieved. In order to prevent particle agglomeration and particle settling the electrophoretic ink has to be enclosed in cell structures. These structures also serve as a spacer between the two electrode planes of the display. We have employed a MEMS technology that is based on a photopolymer and also micromolding to fabricate the cell walls. In contrast to previously reported microencapsulated electrophoretic displays [2] , our approach allows us to vary the cell geometry in order to study the effect on the visual appearance of the display. Furthermore, we are able to test the interaction of the electrophoretic ink with various surface coatings. Apart from the electrophoretic medium, the addressing and the integration into a complete system are important tasks when developing a display.
Regarding the backplane of the display, direct addressing is sufficient for relatively simple message boards. However, displaying arbitrary images or text, as required in electronic books or newspapers, demands matrix-addressing. We are developing and testing amorphous siliconbased active matrix backplanes together with the driver electronics and driver software. The backplanes are then combined with the electrophoretic display medium. We will show that this configuration is capable of displaying high-resolution images. This is an important step in the development of future paper-like displays. 
POLYMER MEMS STRUCTURES
Cell structures prevent the settling and agglomeration of the charged particles in the electrophoretic ink. They also are the spacer between the two electrode planes. For patterning the cell walls we used the photopolymer SU-8 (MicroChem Corp., Newton, MA) which has become a valuable material for fabricating MEMS (Micro-Electro-Mechanical Systems) structures [7] .
SU-8 provides narrow walls with high-aspect-ratio (ratio of the height to the width of a wall) and it is chemically inert towards the electrophoretic ink. Since the width of the walls reduces the fill factor (which describes the effective display area) of the display narrow walls are essential. This is particularly important for a reflective display if high brightness and high contrast ratios are to be achieved. SU-8 is also compatible with large-area processing methods such as employed in the fabrication of displays. Figure 1a shows SU-8 walls which are patterned onto an active matrix backplane. The SU-8 cells were aligned with respect to the pixels during the lithography step. The cells match the pixel array (100 m pitch) which is described in the following section. With a width of the cell walls of about 7 m the fill factor is about 86 %. The height of the cell walls is about 20 m and this value can be varied with the thickness of the SU-8 coating. Generally it is relatively easy to vary the dimensions of the cells by changes in the lithography process. The cells in figure 1a may also be coated with different surface coatings in order to test their interaction with the electrophoretic ink. Although in figure 1a the SU-8 cells were directly patterned onto the backplane it is often more convenient to pattern them onto the counter electrode of the display. This way the same backplane can be used with different cell designs or surface coatings.
Particularly for electronic paper a low fabrication cost is mandatory and standard photolithography will be too expensive. As a cheaper alternative to photolithography, micromolding was explored to form the cell pattern. In figure 1b, polymer walls are shown which were molded onto a flexible substrate. An SU-8 pattern was the master to make the mold insert. The molding process also opens up a wider selection of polymer materials for the cell walls. In particular, polymers may be employed which are less brittle than the epoxy-based SU-8. Molding onto flexible substrates is an important step towards flexible electrophoretic displays.
AMORPHOUS SILICON BACKPLANE
The amorphous silicon based pixel array, which serves as the backplane in our displays, has been originally developed for image sensors, in particular for X-ray imaging. For this reason the pixels are relatively small compared to the pixel size found in most active matrix displays. Our prototype arrays of 512512 pixels have a pixel pitch of 100 m. The 55 cm pixel arrays were fabricated on 4-inch glass wafers. A close-up view of the array is shown in figure 2 , together with a schematic drawing of the pixel layout. The amorphous silicon thin-film transistors (TFTs) that serve as pixel switches have a gate width of 20 m and a gate length of 3.5 m. The pixel capacitance in this 'independent storage capacitor (Cs) design' is about 0.5 pF. This design has an independent electrode for the storage capacitor, which reduces the gate busline capacitance (compared to a 'Cs-on-gate design'). However, due to the high number of cross-over points between the Cs electrode and the data and gate lines there is an increased risk of shorts.
A model 18B Picoprobe (GGB Industries, Inc.) with an input capacitance of 0.02 pF was employed to measure the pixel response. Figure 3a shows the voltage on a pixel that is addressed with a 20 s (16 V) gate pulse and a 9 V data signal. In this pixel array the RC time constant for charging the pixel is measured to about 2 s. After lowering the gate voltage the pixel charge remains stored. There is a small drop of the pixel signal after lowering the gate voltage, which originates in the parasitic capacitance between the gate and the source of the TFT. However, this feedthrough voltage, which can cause in displays undesirable effects such as flicker, is measured to be only 1.2-1.3 V. Figure 3b shows a plot of the pixel signal on a longer time scale. Due to charge leakage the pixel voltage drops over time. However, the signal drop is slow considering the relatively slowly responding electrophoretic ink which we try to address. Figure 3b also illustrates the light sensitivity of the pixel signal. Increased charge leakage is observed, because the amorphous silicon pixel-transistors were not shielded from the light. In order to protect the transistors from the ambient light we coated the backplane with a thin layer of an opaque polymer. 
ELECTROPHORETIC DISPLAY
One of our major goals was to demonstrate a system that can drive electrophoretic media. The basic operation of electrophoretic displays has been explained above. In our tests we used an experimental one-particle ink with purple dye. Figure 4a shows our test fixture with the 512512 pixel electrophoretic display. In this display the backplane was coated with a lightblocking polymer layer in order to reduce the effect of the ambient light on the performance of the pixel-transistors. The SU-8 cells were patterned onto an indium-tin-oxide (ITO) coated glass plate. These cells were then filled with the electrophoretic ink and the plate was laid upsidedown onto the active matrix backplane. The ~20 m high SU-8 cells had a pitch of 220 m and the walls were around 15 m wide. We did not intentionally align the SU-8 cells with respect to the pixels and it was not necessary to press the counter plate onto the backplane since the capillary forces due to the electrophoretic ink were strong enough to hold the assembly together. The gate and data driver chips were connected to the backplane of the display via press contacts and the counter plate was contacted near the edge. A vacuum chuck kept the display in place.
The gate and data driver boards were equal and their input data was generated by a LabView program. Each board had four 128-channel bi-level driver chips. The data signal was 0 V for the 'low' state and +16 V for the 'high' state and the gate signal was -5 V for the 'low' state and +20 V for the 'high' state. Figure 4b shows the image of a 512512 pixel bitmap. The common storage capacitor electrode (Cs) was set on a negative potential of -5V. This proofed beneficial due to some shorts between the Cs electrode and the gate and data buslines. The counter plate was kept at a constant potential. A typical length of the gate pulse was 50 s.
Image sequences can be written by changing from one image to the next, but we found that better image quality is achieved by first erasing an image with a 'white' and a 'dark' frame before writing a new image. This is mainly due to the reduction of ghost image effects. 
CONCLUSIONS
In this work we have combined large area electronics with polymer MEMS cell structures in order to test electrophoretic displays. These displays turn out very promising for electronic paper applications. Our approach allows us to test the system while varying parameters such as cell design surface coatings and the composition of the electrophoretic ink. We have shown that our amorphous silicon based backplanes together with our driver electronics are able to address the electrophoretic ink. This is an important step towards flexible paper-like displays.
